Abstract: The performance of Networked Control Systems (NCS) is directly affected mainly by time-varying network delays, so a specific approach to compensate their effects is usually required during the controller design process. This paper deals with the control of an experimental platform over the Internet by applying a novel fractional gain scheduling strategy which enables an existing fractional order PI controller for efficient control over the network. The proposed controller introduces delay-adaptive gains, which are optimal with respect to the current network condition. Experimental results show the effectiveness of the proposed controller, providing significantly better system performance, especially when the network-induced delay is increased in certain circumstances.
INTRODUCTION
Networked Control Systems (NCS) have been one of the main research interests in industrial applications for many decades, especially due to advances on data networking technologies, which introduced the concept of remote control of a system, and the networks potential for realtime high performance control (see Wang and Liu (2008) ). However, the insertion of a communication network in the feedback loop imposes additional challenges to the control system mainly concerning transmission delays, packet losses or the consideration of band-limited channels (refer to e.g. Bauer (2008) , Wang and Liu (2008) , Hespanha (2008) , Hristu-Varsakelis and Levine (2005) for more details).
The goal of NCS, similar to other kinds of control systems, is to achieve stability and provide good closed loop performance. Likewise, the fact of replacing a widely used controller by a new one for efficient networked control capability can be costly and time-consuming. Following this line, among the existing networked control strategies (see a survey in Tipsuwan and Chow (2003) ), recently one trend in the NCS literature is to compensate network-induced effects in real-time with gain scheduling approaches (e.g. Li et al. (2010) , Sala et al. (2009) , Tipsuwan and Chow (2004a) , Tipsuwan and Chow (2004b) Chow and Tipsuwan (2003) ), which keep the original structure of a designed controller. Furthermore, in the last years there have been many efforts to apply fractional order strategies in network-based control (see Mukhopadhyay et al. (2009) 
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Therefore, the intention of this paper is to design, based on the gain scheduling method suggested in Tipsuwan and Chow (2004a) and our previous work on the network characterization presented in Tejado et al. (2009b) , a novel fractional order gain scheduled controller (FGSC) so as to control an NCS platform called Smart Wheel through the Internet, which will enable the fractional order PI controller in Bhaskaran (2007) for efficient networked control purposes. The essence of this controller is to adjust its gains by means of an external gain β (β > 0) in an optimal way with respect to the current network condition.
The rest of the paper is organized as follows. In Section 2, the problem studied in this work is formulated. Section 3 gives an overview of the proposed approach. The main contribution of this paper is described in Section 4, which includes the design of the fractional gain scheduled controller. Experimental results in Section 5 demonstrate the effectiveness of this strategy. The final section draws the main conclusions of this paper.
PROBLEM FORMULATION
The aim of this work is to control an NCS experimental platform, called SmartWheel (SW) (see Fig. 1 ), at the Center for Self-Organizing and Intelligent Systems (CSOIS, Utah State University, USA), remotely from University of Extremadura (Spain) over the Internet. According to results in Bhambhani et al. (2008a) , the dynamical model of its steering speed is given by the following first order plus delay transfer function: In Mukhopadhyay et al. (2009) and Bhambhani et al. (2008a) , it is shown that the SW best performance can be obtained by using the fractional order PI (FOPI) controller of the form (2), whose tuning rules (3)- (3) were determined based on the fractional M s constrained integral gain optimization method (F-MIGO) (see the detailed information in Bhaskaran (2007)).
where τ = L L+T is the normalized time delay and z C = K i /K p is the ratio between controller gains.
Thus, taking into account the system transfer function (1) and the set of rules (3)-(5), the FOPI controller is given by K p = 2.1586, K i = 5.9853 and α = 1.1. The system response is represented in Fig. 2 in blue color. Nevertheless, since communication network is a multipurpose and shared medium, network-induced delays are time-varying, random, and depending on the number of users connected to the network. In certain circumstances, network delay can be increased and, in that case, the controlled system performance can be degraded if the previous designed controller is applied, as one can observe in Fig. 2 : the system response goes unstable when the additional network delay is higher than 1.3s (dotted magenta line), in accordance with the calculation of the jitter margin (see e.g. Kao and Lincoln (2004) ) -the phase margin of the controlled system is 66.8deg at the frequency of 0.89rad/s.
Hence, a mechanism to compensate delay variation effects is needed. That is why a gain adaptation method is proposed for the FOPI controller to modify its output without changing the original control structure.
OVERVIEW OF THE GAIN SCHEDULING APPROACH
In order to enable the existing FOPI controller (2) for efficient networked control capability, the concept of external gain scheduling described in Tipsuwan and Chow (2004a) will be used. Basically, this compensation method deals with the optimal adaptation of controller gains by using an external gain β (β > 0), whose value is given by a network delay meter/estimator, able to measure/estimate the network condition in real-time. That is, β is calculated from this measurement/estimation online.
Although our method is based on the work in Tipsuwan and Chow (2004a) as mentioned previously, the main differences with this paper are the following:
(1) The Nyquist plot, specifically the Nyquist stability criterion, is used to analyze the closed loop system performance, instead of the root locus. In this case, delays approximation is not necessary, so the analysis is more accurate. This is an important improvement with respect to Tipsuwan and Chow (2004a) proposal. (2) A relationship between the external gain β and the network-induced delay τ network is obtained, β = f (τ network ), where f is the stretched exponential function as we will show, instead of building a lookup table. (3) Concerning the network delay estimator, and in accordance with the network characterization we presented in Tejado et al. (2009b) , we use the Gamma distribution to describe network delays and estimate the current network condition.
The structure of the external gain scheduling for NCS is shown in Fig. 3 . As one can see, there are three basic components:
• The network delay estimator, whose function is to estimate current network conditions based on roundtrip time (RTT) measurements. This information is then utilized by the gain scheduler.
• The gain scheduler, which modifies the controller output with respect to current network conditions. It is determined by an offline system study.
• The remote system, which is the stand-alone 3-axes robotic SW in Fig. 1 . It is a self-contained robotic wheel with a steering axis, drive axis and z-axis, each of which can be actuated independently. For this application, only the steering motor will be actuated. The SW can be controlled over the Internet by a serial server and its motion can be observed remotely thanks to an internet camera (model DCS5300 of DLink). The closed loop speed of its steering axis is analyzed by plotting the encoder data on the screen of the remote computer (refer to Bhambhani et al. (2008a) and references therein for more information). Fig. 3 . Structure of the gain scheduling approach for NCS when using a FOPI controller
FRACTIONAL GAIN SCHEDULED CONTROLLER
In this section, an application to illustrate the use of the proposed FGSC, the SmartWheel steering speed control over IP networks, is described. In order to show how to apply this approach, let us separate the controller design into two stages: firstly, how to determine the relationship between the external gain β and network delay τ network , and secondly, the network parameterization and characterization.
Taking into account the two time-varying transmission delays in a network, caused by the network portion lying between the plant output and the controller and the one lying between the controller and the plant actuator, that is, sensor-to-controller delay (τ sc ), and controller-to-actuator delay (τ ca ), the closed loop transfer function including network delays becomes
where P (s) is the system (1) and
To analyze the closed loop control system with network delays, the Nyquist stability criterion will be applied. It is important to remark that the system stability will be guaranteed for all values of the network delay τ network (τ network < τ network| max = 1.8s) due to the fact that β will be in the interval (0, β max ], where β max is determined with the mentioned criterion.
Parameterization for gain scheduling
Here, we focus on how to determine β op = f (τ network ) for our novel controller. The steps to do so are the following: 2) To subdivide the working range of the process into a number of finite intervals given by increments of 50ms (τ sc + τ ca = 50ms) until τ network| max .
3) In order to evaluate the best possible system performance with respect to β under different network conditions, it is necessary to define a cost function J to minimize. Let assume:
where ISE is the integrated squared error and e is the error signal.
The optimal gain β op has to be obtained by evaluating J for the current network delay. Unfortunately, J does not usually have a closed-form relationship with β. Therefore, a feasible approach to search for β op is to rely on an offline set of simulations where β is changing from 0 to β max for each considered value of τ network . As we remarked, we define this set as the feasible set containing all β that do not cause system instability and will be determined by the Nyquist criterion from the following characteristic equation:
where τ total = τ sc + τ ca + L = τ network + 0.592 and z C = 2.7728. Considering different values of τ network , the Nyquist plots of (8) are shown in Fig. 4 .
Fig. 4. Nyquist plots of the networked SW for different network delays

4)
To calculate the maximum value of β for each τ network from the previous Nyquist plots. It is clear that the value of β max depends on the value of τ network . Hence, this step deals with calculating β max which guarantees the system stability for each value of τ network from the Nyquist plot.
5)
To simulate the closed loop system when changing β from 0 to β max for each value of τ network (considering it as a constant delay).
6)
To calculate the value of the cost function J for each τ network , represented in Fig. 5 .
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Fig. 5. Cost function J for different network delays
7)
To get β op as the value of β which minimizes J for each τ network . This step is illustrated in Fig. 6 (dotted blue line).
Once β op has been calculated, there exist two ways to implement it: building a lookup table, as in Tipsuwan and Chow (2004a) , or finding out a relationship between β op and τ network from the inherent system features. We perform this second option. From results in Fig. 6 , one can state that β op can be described as a function of network delay by means of the stretched exponential function as follows:
where k, λ and γ are constants. The stretched exponential function is a generalization of the exponential function (refer to e.g. Berberán-Santos et al. (2005)). To determine the values of these constants, the mean squared error (MSE) is used as the fitting index. The minimum value of MSE is obtained for two cases: (1) λ = 0.9, γ = 0.9 and (2) λ = 1, γ = 0.9. As shown in Fig. 6 , only slight differences are found between both cases (represented in solid red and dashed green lines, respectively). Therefore, we consider the simplest case, that is, when λ = 1 and γ = 0.9, being (10) the relationship between β op and the network delay.
Fig. 6. Optimal values of β for different network delays and fitting results to characterize it
Note that the optimal gain β op is not always lower than 1, as can be expected to reduce the closed loop bandwidth, due to the different design criteria used for the nominal FOPI and gain scheduled controllers: the FOPI controller, which is taken as a non-scheduled controller, is based on the F-MIGO method, whereas gain scheduling is calculated by using the ISE criterion for this application.
Network parameterization
Once β op = f (τ network ) has been determined, it is necessary to focus on network delay behavior and its effect over these values of β.
If the delay is known, as can often be assumed if it is constant, traditional methods can be used to design an effective controller, such as the Smith predictor. Nevertheless, if the delay varies, as in our case, there are two possibilities (see Eriksson (2008) ): 1) if the exact delay of each measurement is known, one can recompute the controller at each sampling time and update the delay parameter in the equations accordingly, or 2) if the delay distribution is known rather than the exact delay, the expectation value of the delay can be used in an offline procedure. So, after delay identification and characterization in our previous work (Tejado et al. (2009b) ), we assume RTT delay can be modeled by a random probability distribution, specifically, by the Gamma distribution (Pohjola (2006) ) as follows:
where a, b are the scale and shape parameters, respectively: a = σ (the standard deviation of RTT measurements) and b = 1. Hence, the estimated value of the network delay given by (11) will be used to adapt the controller output.
EXPERIMENTAL RESULTS
To perform the speed control of the SW over the Internet, a hardware in the loop based on Matlab/Simulink is needed, which means that the network delay reflects in the system automatically (refer to Mukhopadhyay et al. (2009) and Bhambhani et al. (2008a) for more details). In next cases, the efficiency of the FGSC is demonstrated considering different network conditions and compared to the obtained with the non-scheduled controller (controller with constant gains). The FGSC gains are adjusted every 0.5s, which is the sampling time of the system. Likewise, the current network condition is also estimated every sampling time.
First of all, Fig. 7 shows the system response for the nominal case, that is, when applying the nominal FOPI controller -the first step of the method in the previous section-for a step reference (the solid blue line corresponds to the experimental filtered data, whereas the dashed red and dotted black ones refer to the simulated response and the reference, respectively the reference signal is omitted in the remaining figures). From this figure, it can be seen that the controlled system is stable but there exists a permanent oscillation in steady state. This is a mechanical load disturbance due to the cogging and the asymmetry of the stand.
At some stage, the condition of the network changes and, consequently, its delay rises to τ network + τ add , where τ network is the real time-varying Internet delay (with the same appearance as depicted in Fig. 8) . Therefore, the experimental tests involve adding manually a constant delay τ add to consider changes in the mean value of the Internet-induced delay of values: (a) τ add1 = 0.2s (b) τ add2 = 0.4s and (c) τ add3 = 0.6s. These changes could be originated, for example, from a network topology change, where a node has fallen off or moved in an ad-hoc network and the path (and delay) has become longer (see Pohjola (2006) ). It can be also the way to model a communication band-limited link according to Bauer (2008) . Figure 9 shows the SW responses when applying the FOPI and FGSC controllers for the different network conditions τ add1 , τ add2 and τ add3 , where the solid blue and dashed red lines correspond to the results obtained with the fractional gain scheduling strategy and the non-scheduled controller, respectively 1 . It is important to remark that higher values of this additional delay are not added due to the risk for the experimental plant. As it can be stated, the higher the values of τ add , the better system performance by using the FGSC controller in comparison with the non-scheduled one. Due to this fact, FGSC can be a useful tool for efficient control in NCS, mainly for large network-induced delays. Table 1 includes the values of the considered performance indexes, the ISE error, which defines the cost function J for the FGSC, and the overshoot. For comparison purposes, the improvement I of the fractional gain scheduling approach with respect to the FOPI controller is defined as follows:
where index F OP I and index F GSC are the ISE error and the overshoot when applying the non-scheduled FOPI and FGSC controllers, respectively. The examination of previous step responses and results in Tab. 1 lead to the conclusion that the system performance with the FGSC controller is significantly better than with the non-scheduled one. FGSC adapts to delay changes, that is, the controller gains are adjusted with the current network condition and the higher the value of the network delay, the higher improvement in the system performance. In particular, the overshoot can be reduced significantly.
It is important to mention that, in order to preserve the integral effect in all experiments, the integral part of the FOPI controller (2) is approximated by:
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6. CONCLUSIONS
In this paper the concept of external gain scheduling has been used to enable an existing FOPI controller for efficient networked control. In other words, controller gains are externally adjusted, based on the current network condition, without changing the original design or structure of an existing FOPI controller. An experimental application of this novel controller is given for the steering speed control of the SmartWheel at CSOIS (Utah State University, USA) over the Internet from University of Extremadura (Spain).
In accordance with the presented experimental results, the gain scheduling can adapt the controller gain suitably taking into account current network conditions, maintaining the system performance in a satisfactory level, better than the FOPI controller with nominal gains. The larger the value of the network delay, the higher the obtained improvement by using the proposed controller, so FGSC can be an useful tool for efficient control in NCS, mainly for large delays.
Further work is necessary in two different ways: firstly, it would be important to analyze the stability of the networked system for the proposed controller; and secondly, to remove the permanent oscillation in steady state in the experimental results that caused by the imbalance of the base support by referring to Luo et al. (2011) and the references therein. It will be a very interesting new problem to test the schemes of periodic learning compensation in the NCS setting. To our best knowledge, this is not attacked so far.
